Summary The vascularisation and perfusion of seven subcutaneously xenografted human glioma lines established from surgical specimens has been analysed using an anti-collagen type IV antibody to visualise the vascular walls in combination with a perfusion marker (Hoechst 33342). A computer-based digital image processing system was employed for quantitative analysis of the parameters. The vascular architecture of individual tumours belonging to the same tumour line showed a consistent similarity, while substantial differences occurred between the various tumour lines derived from different patients. Despite the presence of a large inter-tumour variation in vascular area as a proportion of the tumour area, this vascular parameter clearly showed tumour line-specific characteristics. The perfused fraction of the tumour vessels also showed a large inter-tumour variation for all tumour lines ranging from 20% to 85%, but the majority of tumours of all lines had perfusion fractions of more than 55%. Despite large variation, the perfused vascular area as a proportion of the tumour cross-sectional area exhibited clear tumour line-specific tendencies. These observations suggest that consistent differences in vascular parameters are present between glioma xenograft lines, although the tumour lines all originated from histologically similar human high-grade gliomas. These differences may have important consequences for treatment and clinical behaviour of this type of tumour.
Neovascularisation is a prerequisite for expansive growth of solid tumours and is correlated with the potential for metastasis. (Weidner et al., 1991; Folkman and Shing, 1992) . It is now well established that the vascular system of tumours is, however, very inefficient. Great variations in regional blood flow and intermittent perfusion of the vascular bed are reported to be present in a variety of tumours (Trotter et al., 1989; Farrell et al., 1991) . Morphological abnormalities in vascular structures and increased intratumoral pressure may at least in part be responsible for these observations (Vaupel et al., 1987; Jain, 1988 Jain, , 1991 . It has become clear that these phenomena have great significance for tumour metabolism and contribute to increased resistance to radiotherapy owing to regional hypoxia while incomplete tissue perfusion results in limitations in drug delivery (Vaupel et al., 1987 (Vaupel et al., , 1989 Jain, 1991) . Gliomas are characterised by an exceptionally high degree of vascularisation (Brem et al., 1972; Boucher and Jain, 1992) . This high degree of vascularisation may be related to the malignant behaviour of these tumours and reflects.the high angiogenic potential of glioma cells. To understand the mechanisms involved in the process of neovascularisation and tumour progression and its relevance for tumour biological behaviour and therapy response (prognosis), assessment of both morphological and functional aspects of the vascular system is necessary (Brem et al., 1972 (Brem et al., , 1990 . In general, morphological aspects are analysed using stereological principles such as the point counting method (Chalkley, 1943) and functional information is obtained using autoradiographic methods or by contrast fluids or perfusion markers injected into blood vessels and thereby delineating perfused areas (Jain, 1988; Trotter et al., 1989 
Materials and methods

Tumours
Tumours used in this study were derived from seven different primary human gliomas which were passaged 3-7 times subcutaneously in nude mice (Balb/c nu/nu mouse). In this study we use the terminology tumour line to indicate the collection of tumours derived from the same primary human tumour.
Forty tumours were investigated; from each tumour line several passages were examined. Tumour weight ranged from 0.06 to 0.47 g. The experimental procedures were approved by the local ethical committee for animal use.
Immunohistochemical staining and perfusion marker Athymic mice bearing a subcutaneous human glioma in the right flank were injected intravenously via one of the lateral tail veins with 0.05 ml of a solution of PBS (phosphatebuffered saline, pH 7.4) containing 15 mg kg-' of the perfusion marker Hoechst 33342 (Sigma, St Louis, MO, USA). To prevent diffusion of Hoechst 33342 to adjacent nonperfused vascular structures, mice were killed 1 min after injection. Tumours were quickly removed and frozen and stored in liquid nitrogen. Frozen tissue sections, 5 jtm thick, were made using a freeze microtome. Four sections were taken from the central tumour region and four sections from the peripheral locations. As marker of the basal lamina of the tumour microvasculature an antibody against the basal lamina component collagen type IV was used (rabbit polyclonal antibody Collagen Type IV, Euro-Diagnostics BV, Oss, The Netherlands). This staining could be visualised in the fluorescence microscope (Axiovert, Zeiss) using an immunohistochemical procedure with as second antibody goat anti-rabbit immunoglobulin (TRITC labelled, Tago, Burlingame, CA, USA). As a first step frozen sections were air dried and fixed in acetone for 3 min. Then they were washed in PBS for O min. Subsequently sections were processed at room temperature by a 45 min incubation with the antibody collagen type IV, 10 min washing in PBS and then a 30 min incubation followed by the second antibody. This procedure resulted in an excellent fluorescent signal of the vascular pattern as could be detected by the fluorescence microscope with the 510-560 nm excitation and 590 nm emission filter. There was a minimal background staining which did not interfere with the interpretation of the fluorescent signal. In the fluorescence microscope Hoechst 33342 could be visualised in ultraviolet light showing a blue fluorescence (filter with excitation at 365 nm and emission at 420 nm) in the same sections as stained with collagen type IV. The stain Hoechst 33342 specifically labelled the nuclei of the cells adjacent to the vessel walls, thereby delineating the perfused vessels (Figure 1) .
Whole tumour sections were scanned by a computercontrolled procedure using a high-resolution intensified solidstate camera for quantitative analysis. A detailed description of this method is given by Rijken et al. (submitted) . Briefly, each tumour section was completely scanned twice with the fluorescence microscope using the two different filters. After processing all fields (field size 1.22 mm2, 1O x objective) of each scan the scanned area was reconstructed from the separate processed images into one large image. This resulted in two composite images, one with the vascular structures (as stained by collagen IV) and another with the perfused areas (Hoechst).
When both composite images were combined the overlapping structures represented those vascular structures which were perfused by Hoechst at the time of injection (perfused vascular area). The area of these overlapping structures divided by the total vascular area yielded the perfusion fraction (PF) in this section, indicating the fraction of vessel structures that were perfused. The relative vascular area To determine where these differences in the means of any two groups was present, the Tukey test for multiple comparisons was applied. A P-value below 0.05 was considered statistically significant.
Results
Morphology ofparent human tumours and xenografts Haematoxylin and eosin-stained sections were made for histological examination. In Table I the histology of primary tumours and xenografts is presented. The xenografts were composed of densely packed tumour cells of medium size. The tumour cells showed marked nuclear polymorphism. The number of mitoses varied from 2-4 per high-power field (E18, E49, E120) to 6-8 per high-power field (E2, E80, E98, El 10). Delicate fibrovascular septa were present in all xenografts. Dispersed small areas of necrosis were seen in tumour lines E18, E49 and E80. Pseudo-pallisading of tumour cells around areas of necrosis was observed in tumour line E80. Bizarre multinucleate giant cells were present in El 10. In our study we did not find a consistent relationship between histopathological characteristics and vascular parameters. More specifically, scattered necrosis was sometimes observed in perfused tumour regions as well as in apparently vital areas in non-perfused tumour regions.
Vascular architecture Tumours belonging to the same tumour line were found to have consistently similar vascular appearances, even up to seven passages. there were, however, clear differences in vascular patterns between tumours from different tumour lines, as shown in Figure 2 . This figure demonstrates the characteristic aspects of vascular architecture of the seven glioma xenografts. It can be seen that the tumour line E2 is composed of numerous very small and short vessel structures which are homogenously distributed. Tumour lines E120 and E18 show abundant vascular structures which are homogene-0 723 ously distributed in E120. E18 shows cyst-like formations without vessels, as does tumour line E80. In E80 vessels are less numerous but larger and more elongated than in E120 and E18. In tumour line E98 many medium-sized tumour vessels are homogeneously distributed throughout the tumour. In tumour line El 10 small vessels are present in the central area and larger, more elongated, vessels in the tumour periphery. Tumours of E49 are characterised by long stretched vessels widely separated from each other in the tumour periphery with very few vessels in the tumour centre. These differences in vascular architecture between the tumour lines suggest that, although all xenografts originate from human gliomas, tumour cells from different parent tumours induce different vascular patterns when xenotransplanted in mice.
Relative vascular area
The ratio of the mean relative vascular area as determined by the image analysis system varied from 7% to 14% for the various tumour lines (see Table II and Figure 3a) Perfusion fraction As can be seen in Figure 3b the perfusion fraction showed a large variation for all tumour lines and for both central and peripheral regions, ranging from 20% to 85% (see cvPF in Table II Relative perfused tumour area The relative perfused tumour area (RPTA) is defined as the perfused vascular area divided by the tumour area, thus reflecting the perfused tumour area (Table II and Figure 3 ). It is clear from Figure 3c that some tumour lines show a great variability (E18, E80, E98) in RPTA, while the variation in other tumour lines or tumour regions is limited (E49, E120c and E120p). The mean values for all tumour lines ranged from 0.045 to 0.085. Owing to the large variation, (1990, 1991) . In their study they found a very high degree of heterogeneity in tumour vessel distribution as well as great interindividual variation in tumour vessel distribution between tumours of the same tumour type. Differences in the techniques used to visualise and quantify tumour vessels can explain these differences in observations on tumour vascular structures. It is also possible that some tumour types are capable of developing a more characteristic vascular distribution than other types. The differences in extent of vascularisation of tumours may well be associated with the capacity of the tumour cells to produce angiogenic growth factors such as basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF). Indeed, recently Abe et al. (1993) reported differences in bFGF mRNA levels in various glioma cell lines and related these to a differential capacity to induce tube formation in vitro and develop capillary networks in mice when injected subcutaneously. Low mRNA levels in the tumour cells were associated with poorly vascularised (Schulz-Hector et al., 1991; Hilario et al., 1992) .
It has been noted that central tumour areas may have a poorer vascular system (and blood supply) due to central necrosis and rarefaction of the blood vessels (Vaupel et al., 1989 tion increased, resulting in improved sensitivity to radiotherapy. The link between the vascular parameters of the xenografts and their parent tumours in our study is difficult to establish since the available tumour biopsies in most cases constitute too small a part of the tumour to be representative. Lauk et al. (1989) compared morphometric data of the vascular network in human squamous cell carcinomas and their xenotransplants in nude mice (subcutaneous) and concluded that the spatial distribution of proliferating tumour cells as well as differentiation characteristics appear to be retained in xenograft tumours although the density of the vascular system appeared to be host specific. It was found that distances between tumours cells and blood vessels in original tumours were significantly longer than in xenotransplants. This implies that observations in tumour models, especially concerning vascular systems, have to be interpreted carefully with regard to the clinical relevance, although good agreements do exist.
The combination of the use of a fluorescent perfusion marker (Hoechst 33342) and a basal lamina membrane marker (collagen type IV), as shown in this study, offers an excellent opportunity to analyse and grade angiogenesis and vascularity and to obtain information about the functional status of the vessels of human gliomas xenografted in the nude mouse. Regional distribution of vessel structures and vascular architecture can be analysed very efficiently using a computer-based digital image processing system. This system offers the opportunity to quantify vascular profiles in whole tumour sections or to analyse regional differences. By comparing the total vascular area with Hoechst-stained areas, the perfused vascular area can be determined. In this way both structural and functional information can be obtained from the tumour vascular system. It is our expectation that a more detailed analysis of individual vessel structures and intercapillary distance will further extend our knowledge of the vascularisation and perfusion of the xenografts and its consequences for treatment and clinical behaviour, and studies in this direction are in preparation.
